Amyloid deposition of human islet amyloid polypeptide (hIAPP) within the islet of Langerhans is closely associated with type II diabetes mellitus. Accumulating evidence indicates that the membrane-mediated aggregation and subsequent deposition of hIAPP are linked to the dysfunction and death of insulin-producing pancreatic β-cells, but the molecular process of hIAPP deposition is poorly understood. In this review, I focus on recent in vitro studies utilizing model membranes to observe the membrane-mediated aggregation/deposition of hIAPP. Membrane surfaces can serve as templates for both hIAPP adsorption and aggregation. Using high-sensitivity surface analyzing/imaging techniques that can characterize the processes of hIAPP aggregation and deposition at the membrane surface, these studies provide valuable insights into the mechanism of membrane damage caused by amyloid deposition of the peptide.
Introduction
The deposition of insoluble amyloid fibrils in tissues is a hallmark of many diseases, including type II diabetes mellitus (T2DM), Alzheimer's disease, Parkinson's disease, and prion disease Dobson 2006, 2017) . Amyloid fibrils are highly ordered fibrillar aggregates that adopt a characteristic cross-β-sheet structure, in which β-strands are oriented perpendicularly to the fibril axis (Sunde and Blake 1997; Greenwald and Riek 2010) . Amyloid aggregation of normally soluble disease-specific peptides or proteins into β-sheet-rich fibrillar structures is considered a crucial step in the pathology of amyloid-related disorders (Eisenberg and Jucker 2012) . The amyloid aggregation/deposition of peptides and proteins into fibrillar structures is a highly complex process involving various biomolecules and multiple oligomeric and protofibrillar structures.
Human islet amyloid polypeptide (hIAPP, also known as amylin) is a 37-residue peptide (Fig. 1a) and the primary component of amyloid aggregates (deposits) found in the pancreatic islet of most patients with T2DM . Substantial evidence indicates that the amyloid deposition of hIAPP in the extracellular space of pancreatic β-cells is strongly associated with progressive declines in the function and mass of β-cells, indicating the possible contribution of islet amyloidosis to the development of T2DM (Lorenzo et al. 1994; Kahn et al. 1999; Kapurniotu 2001; Jaikaran and Clark 2001; Clark and Nilsson 2004; Hull et al. 2004; Höppener and Lips 2006; Haataja et al. 2008; Jurgens et al. 2011) . Soluble hIAPP adopts a predominantly random coil structure, suggesting that it is natively unfolded in its monomeric form (Padrick and Miranker 2001) . The physiological roles of hIAPP are not completely understood, but the protein is believed to participate in glucose homeostasis via the regulation of insulin and glucagon secretions, in addition to roles in gastric emptying, controlling satiety, and other cellular processes Lutz 2012) .
hIAPP, which is co-secreted with insulin, is stored in pancreatic β-cells at a ratio of 1:50 to 1:100 relative to insulin in healthy individuals, but, intriguingly, it is reported that this ratio can be as high as 1:20 in patients with T2DM (Kahn et al. 1990; Gedulin et al. 1991; Hull et al. 2004; Knight et al. 2008) . Several in vitro studies revealed that insulin has a potent inhibitory effect on hIAPP fibril formation, suggesting that a decrease in this inhibitory effect, in a state of deficient insulin production associated with T2DM, would promote hIAPP amyloid aggregation (Larson and Miranker 2004; Gilead et al. 2006; Wei et al. 2009; Cui et al. 2009; Susa et al. 2014) .
In vitro studies illustrated that monomeric hIAPP has a high propensity to aggregate into oligomers, proto-fibrils, and, ultimately, mature amyloid fibrils in physiological buffer solutions (Kayed et al. 1999; Goldsbury et al. 2000; Padrick and Miranker 2001; Yanagi et al. 2011) . Detailed structures of hIAPP fibrils have been clarified gradually (Goldsbury et al. 1997; Sumner Makin and Serpell 2004; Kajava et al. 2005; Luca et al. 2007; Wiltzius et al. 2008; Bedrood et al. 2012 ), but few details regarding the structure of hIAPP oligomers are known, mainly due to the structural heterogeneity and transient nature of the species. Substantial evidence supports the toxic oligomer hypothesis, which states that membrane disruption and concomitant β-cell death are caused by toxic hIAPP amyloid oligomers, which precede mature fibrils (Janson et al. 1999; Anguiano et al. 2002; Porat et al. 2003; Ritzel et al. 2007; Haataja et al. 2008) . Various factors such as the peptide concentration, pH, ionic strength, metal ion levels, and interactions with biological compounds affect the kinetics of hIAPP amyloid fibril formation and the related cytotoxicity (Nguyen et al. 2015; Tomasello et al. 2015) .
It is increasingly recognized that various biomolecules such as apolipoprotein E, metals, glycoproteins, glycosaminoglycans, and lipids are associated with various amyloid aggregates (deposits) formed in vivo (Gellermann et al. 2005; Nguyen et al. 2015) . This suggests that the interactions of hIAPP with various biomolecules affect the extent of its aggregation, as well as the morphological characteristics and related cytotoxicity of the resulting aggregates/deposits (Nguyen et al. 2015) . Among these biomolecules, the effects of lipid membranes on hIAPP aggregation have been extensively investigated in vitro, as it has become evident that lipid membranes serve as sites for the nucleation/ accumulation of fibrillar aggregates of hIAPP and represent possible targets for the toxic assemblies formed during the aggregation process (Gorbenko and Kinnunen 2006; Jayasinghe and Langen 2007; Brender et al. 2012; Gao and Winter 2015; Caillon et al. 2016) . In vitro studies using model membranes developed as simple cell model systems have made major contributions to the understanding of hIAPP-induced membrane damage related to β-cell death in T2DM (Jayasinghe and Langen 2007; Engel 2009; Brender et al. 2012; Gao and Winter 2015) . These studies revealed that hIAPP amyloid aggregation is substantially modulated by the properties of lipid membranes, such as lipid species, charge, and composition, which significantly affect the associated membrane damage caused by the peptide. As the role of model membranes in hIAPP amyloid aggregation was previously discussed in several excellent reviews (Jayasinghe and Langen 2007; Brender et al. 2012; Byström et al. 2008; Relini et al. 2009 Relini et al. , 2014 Engel 2009; Gao and Winter 2015) , the present paper mainly focuses on the membrane-mediated deposition of hIAPP.
Amyloid aggregation of hIAPP in the presence of lipid vesicles
Lipid vesicles have been used as model membranes for in vitro studies of hIAPP aggregation in the presence of lipid membranes (Knight and Miranker 2004; Jayasinghe and Langen 2005; Seeliger et al. 2012; Zhang et al. 2017) . These studies revealed that amyloid fibril formation by hIAPP is markedly accelerated in the presence of negatively charged lipid vesicles relative to that observed in solutions. hIAPP, a cationic peptide, Fig. 1 Binding of lipid vesicles to human islet amyloid polypeptide (hIAPP) amyloid fibrils. a Amino acid sequence of hIAPP. The peptide has a disulfide bond between residues 2 and 7. b Time-dependent changes in the solution turbidity of hIAPP fibrils (25 μg/mL) and phosphatidylcholine (PC) vesicles at various concentrations of 0 (1), 0.1 (2), 0.25 (3), 0.5 (4), 1.0 (5), 1.5 (6), 2.0 (7), 2.5 (8), and 3.0 mg/ mL (9). c Simplified schematic representing the association reaction between PC vesicles and hIAPP fibrils (adapted from Sasahara et al. 2010) has three positively charged residues at its N-terminus at neutral pH, and these residues induce an electrostatic attraction with negatively charged lipids (Knight and Miranker 2004; Jayasinghe and Langen 2005) . After binding of hIAPP to the negatively charged membrane, the N-terminus (amino acids 1 −19) was observed to insert into the membrane, after which the peptide forms an α-helical structure (Engel et al. 2006; Williamson et al. 2009; Apostolidou et al. 2008; Nanga et al. 2011) . Additionally, the structures of IAPP fragments and of full-length IAPP in membrane mimetic environments have been studied in detail by NMR and circular dichroism spectroscopy. The N-terminal portion of these peptides adopt an α-helical structure (Nanga et al. 2008 (Nanga et al. , 2009 Brender et al. 2008) . The region encompassing amino acids 20−29 is considered to be one of the major determinants of the ability of various IAPP variants (e.g., rat/mouse, monkey, porcine, cow, cat, dog) to form amyloid fibrils; this region of hIAPP is amyloidogenic, unlike that of other variants such as rat/ mouse IAPP (Westermark et al. 1990; Goldsbury et al. 2000) . Rat/mouse IAPP has three proline residues within the 20−29 region, and its inability to form amyloids is attributed to these proline substitutions (Westermark et al. 1990 ). It has been proposed that the formation of membrane-bound, α-helical hIAPP could promote amyloid nucleation by increasing the local concentration and enhancing the orientation of the peptide, indicating that membrane surfaces can serve as templates for amyloid aggregation (Jayasinghe and Langen 2007; Apostolidou et al. 2008; Byström et al. 2008; Relini et al. 2009 Relini et al. , 2014 Engel 2009; Hoppe and Minton 2015) .
Biological membranes are highly dynamic and heterogeneous assemblies containing numerous lipid species and membrane proteins; as such, the curvature, charge, fluidity, structural asymmetry, and heterogeneity of membranes play pivotal roles in their biological functions (Engelman 2005; Marguet et al. 2006; Kusumi et al. 2011) . Lipid rafts are membrane microdomains abundant in cholesterol (Chol) and sphingomyelin (SM), and they are considered to provide highly dynamic platforms for various cellular processes, such as signal transduction, protein sorting, and protein trafficking (Edidin 2003; Lingwood and Simons 2010) . Thus, perturbation of raft domains due to hIAPP amyloid aggregation at membrane surfaces could affect a broad range of signal cascades in vivo. The β-cell membrane contains raft components and 2.5−13.2 mol% of anionic lipids (Rustenbeck et al. 1994; Seeliger et al. 2012) . Recently, Winter and coworkers examined amyloid aggregation by hIAPP in the presence of vesicles composed of lipids isolated from the rat insulinomaderived INS-1E β-cell line (Seeliger et al. 2012) . They demonstrated that isolated β-cell membranes exert similar effects on the kinetics of hIAPP as anionic model vesicles. Utilization of isolated β-cell membranes in biophysical studies is of significance, as this bridges the gap between in vitro and in vivo studies.
Binding of hIAPP amyloid fibrils to lipid vesicles
In contrast to the toxic oligomer hypothesis, Engel et al. (2008) found that the growth of hIAPP fibrils at the lipid vesicle surface rather than the presence of a particular oligomer species induces membrane damage by shifting the curvature of the bilayer toward unfavorable angles. More recently, it was reported that the growth of amyloid fibrils on the membrane can distort the shape of lipid vesicles, leading to the disruption of membrane structures as the fibril elongates (Sciacca et al. 2012b ). Additionally, careful microscopic analysis indicated association states between extracellular hIAPP amyloid fibrils and β-cell membranes, in which the fibrils are often oriented toward β-cells (Westermark 1973; Clark et al. 1987; Jaikaran and Clark 2001; Engel 2009 ). These observations suggest that the mature amyloid fibrils of hIAPP possess binding affinity for lipid membranes under physiological conditions. Thus, it may be of interest to elucidate the membranebound forms of hIAPP fibrils with a detailed characterization of the binding reactions.
In this context, researchers attempted to evaluate the binding reaction between mature hIAPP fibrils and lipid vesicles composed of phosphatidylcholine (PC) using a turbidity assay (Sasahara et al. 2010) . After the addition of a solution of hIAPP fibrils to PC vesicle solutions at various concentrations, the binding reactions were monitored by the timedependent appearance of solution turbidity (Fig. 1b) . The turbidity of the mixed solutions significantly increased with increasing concentrations of PC vesicles. It was postulated that the vesicles can diffuse rapidly in the solution and associate with the fibrils, drastically increasing the turbidity of the suspensions (Fig. 1c) . When negatively charged DOPS (1,2-dioleoyl-sn-glycero-3-phospho-L-serine) was included in PC vesicles, greater increases in the solution turbidity were observed during the initial stage, accelerating the binding reaction. These results indicate that the amyloid fibrils of hIAPP have a latent ability to perturb lipid vesicles by attracting them, particularly negatively charged lipid vesicles, and suggest that hIAPP amyloid deposits most likely interfere with normal β-cell functioning.
Amyloid aggregation of hIAPP at substrate-supported lipid bilayers Substrate-supported lipid bilayers (SLBs) have been widely used as cell-surface models for investigating the interactions of amyloidogenic peptides with lipid membranes (Mirzabekov et al. 1996; Green et al. 2004; Lopes et al. 2007; Domanov and Kinnunen 2008; Vestergaard et al. 2008; Sasahara et al. 2012 Sasahara et al. , 2014 Sciacca et al. 2016) . SLBs can usually be formed by incubating lipid vesicles with a suitable substrate, such as silica or mica, in which the substrate-adsorbed vesicles rupture and transform into planar bilayers (Richter et al. 2006) . Lipids in the bilayers formed on planar glass substrates freely diffuse in the plane because a thin layer of water molecules separates the glass substrate and bilayer (Fig. 2a) . The diffusion coefficient of a lipid can be quantitatively evaluated via fluorescence recovery after photobleaching (FRAP) (Merzlyakov et al. 2006; Okazaki et al. 2009 ). Compared with lipid vesicles, one of the advantages of SLBs with fluid two-dimensional spaces is that they enable us to use surface analyzing/imaging techniques that can detect interfacial events such as protein adsorption to the membranes, protein−lipid associations, and protein assembly at the membrane surfaces.
In vitro studies using SLBs revealed that amyloidogenic species of hIAPP, such as oligomers and protofibrils, cause membrane damage through the formation of nonselective ion-permeable channels (Mirzabekov et al. 1996; Quist et al. 2005 ), detergent-like membrane disorders (Green et al. 2004) , and the uptake of lipids into fibrils (Domanov and Kinnunen 2008) . In the ion-permeable channel action, amyloidogenic species can form localized pores or channels through interactions with the membrane surface, which cause an uncontrolled flux of ions across the membrane. The detergent-like and lipid extraction mechanisms are likely due to the formation of hydrophobic oligomers during fibril formation at the membranes. It appears that these mechanisms of membrane disruption are workable simultaneously, and the relative balance between each mechanism can be influenced depending on various lipid environments (Cao et al. 2013; Abedini and Schmidt 2013) . Recent experiments performed using SLBs and a variety of lipid environments illustrated that raft components have a significant influence on the membrane-driven aggregation of hIAPP and its accumulation on the membranes (Cho et al. 2009; Weise et al. 2010; Trikha and Jeremic 2011; Sciacca et al. 2016 ). Thus, the biophysical property of lipid membranes, which significantly depends on lipid species and composition, is most likely a key factor that governs membrane binding and the extent to which membranes affect the amyloid aggregation and subsequent deposition of hIAPP (Engel 2009; Caillon et al. 2016) . Despite extensive studies using SLBs, the detailed molecular mechanism of the membrane-mediated amyloid aggregation/deposition of hIAPP remains poorly understood.
Binding of hIAPP to SLBs and amyloid deposition
In light of the ability of hIAPP to bind to negatively charged membranes, the amount of hIAPP adsorbed onto lipid membranes is likely an important factor in determining the level of amyloid deposition. Adsorption of hIAPP in the soluble and fibrillary states onto the SLB [1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)/(DOPS)] was examined using quartz crystal microbalance with dissipation monitoring (QCM-D) (Sasahara et al. 2012) . QCM-D has been used to determine the adsorption/desorption kinetics of proteins from solutions on various types of surfaces (Dixon 2008) . The QCM-D traces revealed significant differences in binding abilities among different conformational states of hIAPP; specifically, soluble hIAPP exhibited greater affinity for SLBs formed on a QCM-D sensor surface than its fibril structure. The binding behaviors of soluble hIAPP for DOPC/DOPS with and without the raft components (SM and Chol) were also evaluated using QCM-D (Sasahara et al. 2014) . The results indicated that the raft components promote the adsorption of hIAPP molecules onto the SLB and potentially affect the membrane-adsorbed form of the peptide. The amyloid aggregation and deposition of soluble hIAPP that adsorbed onto SLBs (DOPC/DOPS and DOPC/DOPS/ SM/Chol) were observed at the membrane surface using a fluorescence microscope (Sasahara et al. 2014) . Upon amyloid aggregation of the membrane-bound hIAPP molecules, small aggregates were observed immediately at the membrane surface. They gradually expanded into larger self-assembled structures during incubation on the membrane, whereas amyloid deposits attached to or incorporated into the bilayer were observed at the membrane. As a result, observation of the membrane surfaces revealed that membrane-adsorbed hIAPP can self-assemble into larger amyloid aggregates on the surfaces and associate with lipids during the aggregation process, resulting in membrane-associated deposition. These results indicate that the lipid membranes act as templates at which the amyloid aggregation/deposition of hIAPP is promoted in physiological buffer solutions.
There is substantial evidence that hIAPP adopts a helical structure after binding to membrane surfaces in a process associated with the catalysis of fibrillation (Jayasinghe and Langen 2005; Engel et al. 2006; Lopes et al. 2007; Williamson et al. 2009; Apostolidou et al. 2008) . Furthermore, it has been demonstrated from in vitro experiments using lipid vesicles that the lipid species (Jayasinghe and Langen 2005; Sciacca et al. 2012b; Seeliger et al. 2012; Zhang et al. 2017) , lipid composition (Sciacca et al. 2012b; Zhang et al. 2017) , and peptide/lipid ratio (Knight and Miranker 2004; Knight et al. 2006 ) have marked effects on membrane−hIAPP interactions associated with amyloid aggregation and deposition. These results suggest that complex interplay between hIAPP and membranes is involved in membrane-mediated amyloid aggregation/deposition in the membrane environment. Recently, Ramamoorthy's group have proposed a two-step mechanism in which the first step involves interaction of prefibrillar species with the membrane and the second step correlates with fibril growth on the membrane causing membrane fragmentation (Brender et al. 2007 (Brender et al. , 2012 Sciacca et al. 2012a) . Taken together, the results obtained in in vitro experiments indicate that the extent of membrane-mediated aggregation/deposition is related to the amount of membrane-adsorbed hIAPP and specific structures of the peptide formed on the membrane (Fig. 2b) . Figure 2c1 -4 shows simplified schematics representing the membrane-mediated amyloid deposition of hIAPP during the aggregation process. In the case of SLBs, in which bilayers are stably formed on a substrate, the membrane-adsorbed hIAPP molecules self-assemble into larger aggregates at the membrane surface, and some of the aggregates (near the interface) associate with the lipid components during the aggregation process. Oligomeric species and initially assembled aggregates of hIAPP could expose more flexible hydrophobic surfaces that mediate interactions with lipid membranes, causing the insertion of early oligomers into the membranes. Recent studies indicated that the surface hydrophobicity, size, and structural flexibility of amyloid oligomers are major determinants of amyloid-related cytotoxicity (Cecchi and Stefani 2013) . As shown in Fig. 1 , mature hIAPP fibrils also have the ability to associate with lipids. Lipid vesicles and SLBs containing raft components such as SM and Chol have greater binding affinity for hIAPP fibrils and soluble IAPP than raftfree samples, respectively (Sasahara et al. 2010 (Sasahara et al. , 2014 . These results suggest that, in addition to electrostatic interactions between hIAPP and negatively charged membranes, hydrophobic interactions likely play an important role in hIAPP amyloid deposition.
Changes in membrane fluidity
Membrane fluidity is critical for biological functions in cell membranes, such as the formation of lipid microdomains (e.g., lipid rafts) and assembly of membrane proteins into signaling complexes (Lingwood and Simons 2010) .
Measurements of membrane fluidity have been widely conducted for both model lipid bilayers and cell membranes (Yamazaki et al. 2005; Deverall et al. 2005; Owen et al. 2009 ). The effects of membrane binding and subsequent amyloid aggregation by hIAPP on the lateral fluidity of SLBs (DOPC/DOPS and DOPC/DOPS/SM/Chol) were quantitatively evaluated using FRAP (Sasahara et al. 2012 (Sasahara et al. , 2014 . In the procedure, an area of the sample is first quickly photobleached via intense illumination. As mobile fluorescence-labeled lipids from outside the bleached region diffuse into the dark area, fluorescence recovers at the boundary region. The diffusion coefficient can be measured by evaluating the speed of this recovery (Merzlyakov et al. 2006; Okazaki et al. 2009 ). The diffusion coefficient of lateral lipid mobility decreased substantially after soluble hIAPP bound the membrane. Amyloid aggregation by membrane-adsorbed hIAPP promoted a partial recovery of membrane fluidity. The changes of membrane fluidity were attributed to variation in the constraint imposed by the adsorbed hIAPP on lipid mobility. The constraint is relaxed when hIAPP is released from the membrane-adsorbed forms to start self-assembly into amyloid aggregates (some peptide molecules associate with the membrane), resulting in the partial recovery of membrane fluidity. The extent of recovery was lower in raft-containing SLBs than in raft-free SLBs, suggesting the enhanced association of hIAPP aggregates with the raft components. These data indicate that membrane fluidity is significantly affected by the processes of membrane binding, self-aggregation into amyloid aggregates, and membrane-associated hIAPP deposition. However, the effects of hIAPP aggregation/deposition on the dynamic behaviors of membranes remain poorly understood.
Inhibition of hIAPP deposition
Many in vitro studies illustrated that the amyloid aggregation and deposition of hIAPP are associated with disruption of the membrane integrity and dysfunction of β -cells Engel 2009; Brender et al. 2012; Gao and Winter 2015) . Hence, identifying inhibitors of hIAPP amyloid aggregation is considered a key therapeutic approach for treating T2DM (Stefani and Rigacci 2013) . Several inhibitors of hIAPP amyloid aggregation have been identified. Particularly, the therapeutic potential of polyphenolic natural products, such as (−)-epigallocatechin-3-gallate (EGCG), curcumin, and resveratrol, have received attention against hIAPP aggregation and the related toxicity (Radovan et al. 2009; Patel et al. 2014; Pithadia et al. 2016) . Although these inhibitors are thought to interact with hIAPP via aromatic π-π interactions, the precise mechanism is not fully understood (Pithadia et al. 2016; Caillon et al. 2016 ).
The dysregulation of metal ion homeostasis has been implicated in the pathogenesis of amyloid-related diseases (DeToma et al. 2012) . As β-cell granules contain a high concentration of zinc (Foster et al. 1993) , the effect of zinc on hIAPP fibrillation has been examined in vitro (Brender et al. 2010 (Brender et al. , 2013 Salamekh et al. 2011) . hIAPP fibrillation in the presence of zinc is complex and significantly depends on zinc concentration, but zinc has an inhibitory effect on hIAPP aggregation partly through interactions with His 18. These results suggest that zinc homeostasis could play a significant role in hIAPP fibrillation/deposition (DeToma et al. 2012) .
As described in the introduction of this paper, insulin is a potent inhibitor of hIAPP fibril formation. Although the mechanism of this process is incompletely understood, recent studies showed that the inhibition effect is related to the binding between the helical B-chain of insulin and the putative helical region of hIAPP (Gilead et al. 2006; Susa et al. 2014) . Previously, screening for drug candidates that suppress hIAPP amyloid aggregation has been performed in aqueous solutions. Recently, it was reported that inhibitors of hIAPP aggregation that work in solutions may have low efficacy on membrane surfaces, which significantly affect the aggregation process (Engel et al. 2012 ). Thus, it may be important to assess the beneficial effect of amyloid inhibitors in membrane environments, specifically targeting early aggregation products on membrane surfaces (Knight et al. 2008; Sellin et al. 2010; Gao and Winter 2015) . More recently, the inhibitory effect of human insulin on hIAPP amyloid deposition at SPBs (DOPC/DOPS and DOPC/DOPS/SM/Chol) was examined using QCM-D and fluorescence microscopy (Sasahara et al. 2014) . The QCM-D data revealed a significant decrease in the membrane adsorption of hIAPP in the presence of insulin. The extent of amyloid deposition from membranebound hIAPP was also decreased when the buffer solutions contained insulin (Fig. 2d) . These results indicate that insulin can inhibit the membrane binding and aggregation/deposition of hIAPP at membranes. Although the detailed mechanism remains unknown, the formation of transient membranebound α-helical structures of hIAPP might possibly be inhibited through the helix-helix interaction between insulin and hIAPP (Gilead et al. 2006; Hebda et al. 2009; Susa et al. 2014) . The results also illustrate that assays using SLBs are facile, sensitive methods for evaluating the effect of inhibitors on amyloid deposition in membrane environments.
Conclusion
A variety of mechanisms of β-cell death have been ascribed to human islet amyloid polypeptide (hIAPP)-induced toxicity, including receptor-mediated mechanisms, activation of inflammasomes, defects in autophagy, endoplasmic reticulum stress, and cell membrane disruption/permeabilization (Cao et al. 2013; Abedini and Schmidt 2013) . It has also been reported that toxic hIAPP oligomers trigger β-cell apoptosis (Matveyenko and Butler 2006; Jurgens et al. 2011) . Furthermore, extracellular amyloid deposits from various amyloid diseases have been found to be associated with cellular lipid constituents, particularly raft components, suggesting that lipid extraction might be a common feature of amyloid deposition in vivo (Gellermann et al. 2005) . Recent studies using model membranes revealed that amyloidogenic hIAPP causes membrane damage associated with cytotoxicity via multiple mechanisms, such as the formation of channel-like pores, detergent-like disorders of the membrane structure, and lipid uptake into fibrils on the membrane surface Engel 2009; Brender et al. 2012 ). All of these mechanisms would impair the fluidity, local organization, and heterogeneity of lipid membranes. Nevertheless, the mechanism by which membrane functions are perturbed and impaired by the amyloid aggregation/deposition of hIAPP remains unclear. hIAPP has a high propensity to bind to negatively charged lipid membranes, self-assemble into fibrillar aggregates at membranes, and form membrane-associated deposits. These remarkable properties make hIAPP a model peptide for studying the mechanism of membrane-mediated toxicity associated with amyloid aggregation/deposition. Important challenges will be to create more sophisticated model membranes that reflect the complexity of in vivo environments (Glazier and Salaita 2017) and observe the effects of amyloid aggregation/deposition on the dynamic behaviors of membranes, such as the barrier, trafficking, and signaling functions of lipid membranes, using high-sensitivity surface analyzing/ imaging techniques.
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